Biomedical device-associated infection is one of the most common and problematic complications faced by millions of patients worldwide. The current antibiotic therapy strategies face challenges, the most serious of which is antibiotic resistance. Studies have shown that the systemic level of interleukin 12 (IL-12) decreases following major injuries resulting in decreased cell-mediated immune response. Here we report the development of IL-12 nanoscale coatings using electrostatic layer-by-layer self-assembly nanotechnology. We found that IL-12 nanoscale coatings at the implant/tissue interface substantially decrease infections in vivo, and IL-12 nanoscale coatings are advantageous over traditional treatments. This approach could be a revolutionary step toward preventing device-associated infections using a non-antibiotic approach.
Introduction
Biomedical device-associated infection is one of the most common and problematic complications faced by millions of patients worldwide. It is estimated that approximately two million fracture fixation devices are implanted annually in the U.S. alone [1] The infection rates are 7-9% for elbow replacements and 1-2% for hip replacements [2] , and the incidence of infection for Gustilo grade III open fracture is 10-50% [3, 4] . The current antibiotic therapy strategies face challenges; the most serious challenge is antibiotic resistance. Overuse of antibiotics may lead to undesirable side effects and antibiotic resistance which has become a worldwide issue [5, 6] . Strains of Staphylococcus aureus (S. aureus) have emerged that resist or have reduced susceptibility to antibiotics such as methicillin, vancomycin, and others [5, 7, 8] . According to the U.S. Centers for Disease Control and Prevention, more than 70% of bacteria that cause hospital-acquired infections are resistant to at least one of the drugs most commonly used to treat them, and thousands of patients died in hospitals in 1992 from infections caused by antibiotic-resistant bacteria. Therefore, in today's era of emerging multidrug-resistant bacteria and increased number of infections encountered in severe open fractures and contaminated wounds, there is a vital need for advanced strategies other than antibiotic therapies to prevent and treat infections associated with open fractures.
IL-12 (also termed IL-12 p70 or IL-12 p75 but commonly designated IL-12) is an immunoregulatory cytokine that promotes cell mediated immunity [9, 10] . In the cytokine family [10] , IL-12 is composed of a p35 and a p40 subunit, and it is reported to have therapeutic potential as a stimulator of cell-mediated immune responses to metastatic cancer and viral infections [11−13] . IL-12 is the major cytokine that influences T helper (Th) cells to secrete Th1 cytokines [14] , which instruct the cell-mediated immune system to produce cells, e.g. macrophages, that are especially effective against bacterial invaders. The Th1 cytokines, including interferon-γ or IFN-γ (which primes macrophages), are a potent package to help defend against a bacterial attack in tissue and blood. Studies (including human patients) have also shown that the systemic level of IL-12 decreased following major injuries (e.g. trauma or burn) and resulted in decreased and delayed cell-mediated immune responses [15−18] . Meanwhile, it is known that patients who have weakened immune systems and those who have open fractures are at greater risk of infection [19] .
Here we report on a new approach (i.e. stimulating the body's natural defense system using IL-12) that can effectively prevent biomedical device associated infections and may also provide a resolution to antibiotic resistance. IL-12 nanoscale coatings were prepared at the implant/tissue interface using electrostatic layer-by-layer self-assembly (i.e. LBL) [20] , which is based on electrostatic attraction of oppositely charged molecules. The efficacy of IL-12 nanoscale coatings on infection prevention was evaluated in an open fracture rat model.
Materials and methods

Preparation of multilayer coatings using electrostatic layer-by-layer self-assembly
Nanoscale coatings were prepared on three types of substrates. Quartz slides and stainless steel discs were used to monitor the formation of polypeptide multilayer nanoscale coatings using UV-vis spectroscopy and ellipsometry, respectively. Stainless steel Kirschner wires (K-wires) were used to prepare samples for the IL-12 (i.e. IL-12 p70) release study and also for in vivo studies. Prior to use, the substrates were cleaned. The quartz slides, 25 mm × 10 mm × 1 mm, were cleaned by immersing them in a piranha solution (3:1 H 2 SO 4 /H 2 O) for 2 h at 80°C, and rinsed with deionized water. Stainless steel K-wires, 1.1 mm in diameter and 63.5 mm in length (Smith & Nephew, Inc., Memphis, TN), and stainless steel discs, 10 mm in diameter and 0.25 mm in thickness, were ultrasonicated in 70%ethanol/30%H 2 O for 0.5 h and rinsed with deionized water. Dulbecco's phosphate buffer solution (PBS, pH 7.0, Invitrogen, Carlsbad, CA) was used as buffer solution. IL-12 was dissolved in a bovine serum albumin (BSA) solution (pH 7.0, PBS buffered) and referred to as BSA(IL-12). Poly(L-lysine) or PLL (5 mg/mL) and poly(Lglutamic acid) or PLGA (5 mg/mL) solutions were prepared by dissolving them in PBS buffer solution and mixing.
Polypeptide multilayer nanoscale coatings were prepared in a closed sterile chamber. A precleaned substrate was immersed in a positively-charged solution, PLL, for 20 min, rinsed with buffer solution for 3 min, followed by N 2 drying. The sample was then immersed in a negatively-charged solution, BSA mixed with IL-12, BSA(IL-12), or PLGA, for 20 min, rinsed with buffer solution for 3 min, and dried with N 2 . The process was repeated to achieve the desired coating structures. For in vivo studies, all aqueous solutions were filtered using a 0.2 µm filter and all the K-wires were sterilized.
In vitro IL-12 release from polypeptide multilayer coatings
Stainless steel K-wires incorporated with IL-12 were immersed in 10 mL of PBS. A 0.6 mL sample of PBS solution was taken at designated time points and analyzed by a standard enzyme-linked immunosorbent assay (ELISA) kit (Invitrogen Corp., Camarillo, CA). Meanwhile, 0.6 mL of fresh PBS solution of the same pH was added to keep a constant volume of release medium. The ELISA procedures were performed according to the manufacturer's directions. IL-12 levels were determined with known concentrations of IL-12 standards that came with the ELISA kits. The minimum detectable concentration was <3 pg/mL.
Evaluation of the stability of polypeptide multilayer nanoscale coatings in a rat model
Stability of the nanoscale coatings during the implantation process was tested in an open femur fracture model (see supplementary data). Six K-wires with nanoscale coatings were prepared, three of them were used as controls. The remaining three were implanted and then analyzed using SEM to document the thickness, regularity, and damage to the coating during the implantation process by comparing to the control samples.
Rat surgery and bacterial challenge
Approval for in vivo studies was obtained from the West Virginia University Animal Care and Use Committee. Rats were prepared for surgery as follows: each rat was anesthetized using Nembutal 50 mg/mL (Ovation Pharmaceuticals, Deerfield, IL) at a dose of 0.1 mL/ 100 grams of body weight for an initial dose and then a booster of 0.2 mL one hour following the initial dose. Buprenorphine HCl 0.3 mg/mL (Reckitt Benckiser Pharmaceuticals, Inc., Richmond, VA) was used for post-operative pain control at a dose of 0.03 mg/kg. The first dose was given pre-operatively and then every 12 h through the first post-operative day. The operative hindquarter was shaved and placed over the platforms of the fracture device (ventral side up) with a blunted blade placed at the midshaft of the femur. A weight of 0.94 kg was dropped from 15.3 cm to the point of impact with the blunted blade delivering a calculated force of 104.8 Newtons (this force was calculated using the spring method).
The rat was then prepped with Betadine solution and draped in a sterile fashion. An incision was made on the dorsolateral surface of the femur from the area of the greater trochanter to the epicondyles of the femur through the gluteus superficialis. The fracture ends were exposed. The rats were infected at this time by injecting 100 µL of bacterial suspension containing 10 2 CFU/0.1mL S. aureus with a sterile pipette directly at the fracture site. The fracture was left open for one hour to mimic the "golden hour" of a trauma patient. Then the fracture was fixed using an intramedullary stainless steel K-wire, 1.1 mm in diameter and 63.5 mm in length. First we drilled in a retrograde fashion using a K-wire starting at the fracture site and coming out in the piriformis fossa. The K-wire was then placed in an antegrade fashion through that hole behind the abductors into the distal fragment and partially into the epiphysis for distal fixation. The excess part of the K-wire was cut off at the site of entry. The wound was closed. The rats received no further intervention. At certain time periods following injury, the animals were euthanized by administering 1 mL of Euthasol (Virbac AH, Inc., Fort Worth, TX) solution via intracardiac puncture following anesthetization using Nembutal.
Quantitative culturing of the tissue homogenates
S. aureus is the most common cause of osteomyelitis in humans [19] and was chosen to induce infection in our open fracture rat model (see supplementary data). S. aureus was provided by West Virginia University Hospital Clinical Laboratory (John G. Thomas, PhD, Professor, Department of Pathology). The bacterium was an isolate from a clinical operative wound infection.
Quantitative culturing of bone tissue homogenates was used to determine infection rates [21, 22] . Upon sacrifice, animals were prepped with Betadine solution and the surgical femur was sterilely removed. The K-wire was removed from the intramedullary canal and the femur was used to determine the presence of infection. For each specimen, approximately 500 mg (weights were recorded) of femur was homogenized in 5 mL of brain heart infusion broth; the ratio of bone to broth was kept at 100 mg to 1 mL. Then 0.1 mL of the homogenized bone broth was plated onto blood agar plates and placed in a 37°C incubator for 48 h. Infection was defined as the presence of >2-5 bacterial colonies per plate (corresponding to 200-500 CFU/gram of tissue). Part of the femur was placed in a sterile peel pack and shipped to Antech Diagnostics, Inc. (Southaven, MS) for identification of organisms as a referee culture.
Statistical analysis
Statistical analyses were conducted using a Type I error rate of 0.05 (p) and JMP Statistical Discovery Software (Version 6.0, SAS Institute, Inc., Cary, NC). Data on coating thickness and IL-12 release were expressed as the mean ± standard deviation.
The determination of sample size was made using the JMP statistical computer package. The procedure employs an algorithm based on the Noncentral F-distribution to determine the minimum sample size needed to detect, as statistically significant, a specified difference among treatment groups. The power analysis was conducted specifying a significance level of 0.05 and a minimum power of 0.80, assuming a one-sided alternate hypothesis (decrease in infection rate of the treatment groups). Under these conditions, we determined that a minimum of six rats were required for each study group.
Results
Developing IL-12 polypeptide multilayer coatings using electrostatic layer-by-layer self-assembly
To develop IL-12 nanoscale coatings, we modified a recently evolved nanotechnology, i.e. electrostatic layer-by-layer self-assembly or LBL. In our study, BSA was a carrier protein used to assist in the incorporation of IL-12, and also to control the release rate of IL-12. A schematic diagram is shown in Fig. 1a and fluorescent labeled coatings on K-wires are shown in Fig. 1b . The formation of the multilayers on stainless steel K-wires was simulated by preparing multilayer nanoscale coatings on stainless steel discs that were monitored using ellipsometry. Fig. 1c shows that the thickness of the nanoscale coating increased almost linearly with an increasing number of layers. The average thickness was about 7 nm, and was consistent with our observations using scanning electron microcopy (SEM).
Fine-tuning IL-12 release from polypeptide multilayer nanoscale coatings on K-wires
The structure of multilayer nanoscale coatings and the incorporation and release of IL-12 were engineered. Fig. 2a shows that the absorbance of the nanoscale coating could be tuned with the coating structure, and the pre-layers of (PLL/PLGA) 3 increased absorbance of the (PLL/BSA) 5 coating as well as the release of IL-12. The in vitro release study showed that the [(PLL/BSA) 2 /PLGA] 2.5 coating had the highest release of IL-12 ( Fig. 2a inset) . The incorporation of IL-12 could also be tuned through IL-12 concentration in the BSA solution; more IL-12 was released with increasing IL-12 concentration (Fig. 2b) . Incorporation of IL-12 was further enhanced by simply increasing the number of coating layers (Fig. 2c  inset) . It was found that much more IL-12 was released from the 30-layer nanoscale coating than from the 20-layer sample; 7.1 ng vs. 4.5 ng at day 2 (57% more). Fig. 2c also shows that the release profiles in percentages are very similar for the 20-and 30-layer samples. In all IL-12 release studies, a burst release in the beginning was observed, and almost all the IL-12 was released within 9 days.
Evaluating the stability of IL-12 nanoscale coatings in an open fracture rat model
The stability of the nanoscale coatings was tested using an in vivo rat model. After analyzing the thickness, regularity and damage to the nanoscale coatings on K-wires after implantation and comparing them to the control samples before implantation (Fig. 3) , we found that approximately 70-95% of the nanoscale coatings withstood the implantation process in our in vivo model.
Determining the effects of IL-12 on infection prevention in an infection rat model
We evaluated the efficacy of IL-12 nanoscale coatings in preventing S. aureus-induced infection using an open femur fracture rat model we developed (see supplementary data). Twenty-four rats had their femurs fractured, infected, and then fixed using K-wires as intramedullary nails. Twelve of the rats' fractures were internally fixed with IL-12 (10.6 ng) coated K-wires with 30-layer nanoscale coatings, and euthanized on post-operative days 6 and 21 (six for each time period). The other 12 rats received uncoated K-wires and served as controls, and were euthanized on post-operative days 6 and 21. After sacrifice, bone culture studies were conducted. We found that local IL-12 therapy combined with nanoscale coating systems substantially decreased S. aureus infection rates at day 6 (50% vs. 100%) and 21 (20% vs. 90%) compared to the control study. At sacrifice, gross observation, by three independent orthopaedic surgeons and technicians blinded to the treatments, of callus formation and bone quality showed that IL-12 nanoscale coating treated animals had better bone quality and improved healing compared to the control group. Further evaluation of the effect of IL-12 on bone healing is beyond the scope of this study and will be considered in the future.
We further confirmed that IL-12 nanoscale coatings at the implant/tissue interface decreased S. aureus infection by studying different doses of IL-12 at post-operative day 21. We found that the effect of IL-12 on infection prevention was dose dependent, and nanoscale coatings of 10.6 ng IL-12 decreased the infection most effectively (Fig. 4 ).
In addition, we investigated the effect of systemic IL-12 treatment in preventing S. aureus induced infections. All rats had a femur fractured, inoculated with S. aureus, and fixed. Rats (six in each group) were systemically injected with a dose (0, 10, 200, or 1000 ng) of IL-12 daily for 10 days (except the 6 day group), and euthanized on post-operative days 6, 10, 14, or 21. We found that systemic IL-12 therapy did not show a significant impact on the infection rate; all the rats were infected.
Discussion
The objective of this study was to explore a non-antibiotic approach and to evaluate the effects of IL-12 nanocoated K-wires in preventing osteomyelitis or infection in open fractures. IL-12 is a cytokine that has profound effects on both T and natural killer (NK) cells, including the ability to stimulate proliferation, cytolytic activity, and cytokine induction [23, 24] . It has been suggested that IL-12 has therapeutic potential as a stimulator of cell-mediated immune responses to metastatic cancer and viral infections [12, 13, 25, 26] . There are a few reports on systemic delivery of IL-12. IL-12 was shown to be active in vivo against lymphocytic choriomeningitis virus infections [27] , and to induce a Th1 type response and protective immunity [28, 29] . Local delivery of IL-12 based on phase-inversion encapsulation, which may denature the drug, was used for tumor treatment, and was shown to promote an antitumor immune response, and to induce complete regression of established tumors [30, 31] . Moreover, studies have shown that the systemic level of IL-12 decreases following trauma and results in decreased and delayed cell-mediated immune response and decreased resistance to infection [15−18] .
Therefore, there is a potential that exogenous IL-12 can restore and enhance the decreased IL-12 level and the decreased cell mediated immunity thereby preventing infection. In this study, we developed IL-12 nanoscale coatings at the implant/tissue interface using LBL technology, which was developed in the early 1990s by Decher and co-workers [20] . PLL, PLGA, and BSA(IL-12) were used to develop the IL-12 nanoscale coatings. PLL is positivelycharged, and BSA(IL-12) and PLGA are negatively-charged around neutral pH; these polymers are biocompatible and biodegradable [32] . BSA was used to facilitate and control the loading and release of IL-12, and the use of linear polymers, such as PLL and PLGA, were to assist the coating preparation. The nanoscale coating system may prevent IL-12 from travelling beyond the injury site. LBL is currently one of the most powerful methods for preparation of multilayer nanoscale coatings of controlled molecular architecture. The physical basis of LBL is mainly electrostatic attraction [20] . However, other forces, e.g. hydrophobic, van der Waals, and hydrogen bonding, may also play a significant role under certain conditions, and these forces could be used to tune drug loading and release [33] . Note that we have also prepared polypeptide multilayer coatings on other substrate materials such as titanium.
Based on ellipsometry observation (Fig. 1c) , the thickness per layer of the developed IL-12 coatings was several nanometers. Since the risk of foreign body reactions increases with the amount of polymers placed into the tissue [34] , the developed coatings in the nanometer scale thickness may have an advantage compared to coatings in µm or mm thickness.
Using LBL technology, we were able to tune the loading and release of IL-12 from nanoscale coatings (Fig. 2 ). Fig. 2c shows that a sustained, up to 9 days, release of IL-12 was obtained. Approximately 38% of IL-12 was released within one day and 60% within two days. The amount of IL-12 released varied from samples with different numbers of layers. More IL-12 was released from the samples of 30-layers (~ 10.6 ng IL-12 per K-wire) than those of 20-layers (~ 7.7 ng IL-12 per K-wire). In addition, we found that more IL-12 was released from samples fabricated with higher IL-12 concentrations in the BSA coating solution (Fig. 2b) . Therefore, we can tune the incorporation and release of IL-12 using the LBL process including the number of layers and the concentration of IL-12 in the BSA coating solution. The release profiles in percentages for nanoscale coatings of different layers are similar (Fig. 2c) ; therefore, the release from the nanoscale coatings of varying layers is predictable. IL-12 was released almost completely within 9 days (Fig. 2c) ; such a release characteristic could be desirable since it was reported that the first 10 days were critical because resistance to infection is maximally suppressed during this period following traumatic injuries [15] .
Meanwhile, a limiting factor of an effective IL-12 prophylaxis is the method of delivering IL-12 to the interface between an implant and tissue. By incorporating IL-12 at the implant/ tissue interface, we expect that sustained local delivery of IL-12 will enhance cell-mediated immunity thereby preventing infection or osteomyelitis. Our in vivo studies showed that IL-12 nanoscale coatings at the implant/tissue interface substantially decreased infection rates compared to the control, and the effect of IL-12 on infection prevention is dose dependent (Fig. 4) . Moreover, we found that IL-12 nanoscale coating is advantageous in preventing infection compared to the traditional systemic IL-12 injection, since our studies showed that the latter treatment had little effect in decreasing the infection rates. IL-12 has a short in vivo half-life of a few hours [35] ; therefore, IL-12 applied by systemic administration may undergo rapid metabolization. The developed IL-12 nanoscale coatings can deliver IL-12 directly at the fracture site for an appropriate sustained time period (Fig.  2c ).
An underlying mechanism of IL-12 nanoscale coating therapy is proposed in Fig. 5 . An IL-12 nanoscale coating at the implant/tissue interface creates an environment rich in IL-12 around the fracture site. When newly activated Th cells, responding to the presence of bacteria such as S. aureus, exit the blood in such a local environment, uncommitted Th (Th0) cells "realize" what type of battle is being fought and are influenced to produce more Th1 cytokines. Moreover, the high concentration of IL-12 at the battle site, i.e. fracture site, may strengthen the commitment of Th cells that have already decided to secrete Th1 cytokines (e.g. IFN-γ) which will activate macrophages. Activated macrophages will produce more IL-12, therefore, via positive feedback (Fig. 5 ), Th1 response is stabilized and the local level of Th1 cytokines increases and the macrophages are more effective in phagocytizing bacteria such as S. aureus thereby leading to the prevention of infection.
Through stimulating the cell-mediated immune response, IL-12 nanoscale coatings at the implant/tissue interface may be able to more quickly activate and build the body's natural defenses, thus jumpstarting the fight against an infection in the early stage. The benefit of this IL-12 nanoscale coating approach is that it maximizes the body's natural response to an extent where infections can be reduced and possibly prevented without the risk of the offending bacteria developing resistance to the treatment, as is becoming more of a problem with antibiotic therapy alone.
Conclusions
In summary, we report that IL-12 nanoscale coatings at the implant/tissue interface substantially decreased open fracture-associated infections in an animal model. We prepared polypeptide nanoscale coatings on orthopaedic implants and we finely tuned the incorporation and release of IL-12. We showed that IL-12 nanoscale coatings at the implant/ tissue interface are advantageous over traditional treatments such as systemic IL-12 injections. Given that antibiotic resistance has been a challenge to surgeons for decades, the developed IL-12 nanoscale coatings may represent a revolutionary and exciting approach for preventing open fracture and other device-associated infections while also providing a possible resolution to antibiotic resistance. IL-12 nanoscale coating therapy can be applied to other device-associated infections, as orthopaedic infections share many attributes with other bacterial biofilm infection. faculty for mentoring. The authors appreciate the use of microscopes at the Microscopic Imaging Facilities at West Virginia University Health Sciences Center. Infection rate vs. IL-12 dose. Six rats were studied in each group and the control group was repeated once (total 36 rats). The different doses of IL-12 were obtained by manipulating the concentration of IL-12 loading solution and the number of coating layers, as shown in Figs. 2b and c. Local IL-12 therapy stimulates Th cells to secrete Th1 cytokines. Via positive feedback, cell-mediated immunity can be promoted to battle bacteria such as S. aureus.
